The two dimensional Lattice Gas Automation (LGA) was applied to simulate the current flow in saturated digital rock for revealing the effects of micro structure and saturation on the electrical transport properties. The digital rock involved in this research can be constructed by the pile of matrix grain with radius obtained from the SEM images of rock sections. We further investigate the non-Archie phenomenon with the LGA and compare micro-scale numerical modeling with laboratory measurements. Based on results, a more general model has been developed for reservoir evaluation of saturation with higher accuracy in oilfield application. The calculations from the new equation show very good agreement with laboratory measurements and published data on sandstone samples.
Introduction
The electrical transport properties of saturated rock are fundament of constructing a relation between resistivity and water saturation in petrophysics [1] [2] [3] . The physical experiment of rock is a main approach to research the electrical transport properties for revealing the effects of pore structure and fluids distribution on the whole resistivity. Based on the results of experiments, many models of reservoir evaluation have been developed in the past decades for exploration of oil and gas in petroleum industry [1] [2] [3] [4] . As pointed by Batchelor [5] , the resistivity of rock is affected by not only the electrical transport properties of each component but also the structure of distribution.
However, due to the limitations of laboratory experiments as the approach of macro scale, the micro pore structure, the flow of fluid and electrical current in a rock cannot be directly observed and controlled. Thus, it is not possible to quantify the factors that influence the relation between resistivity and physical parameters of rock such as porosity and water saturation. Therefore, many researchers have tried to simulate the behavior numerically at the micro scale [6] [7] [8] [9] .
LGA method, being developed originally for fluid dynamics, was spread rapidly into numerical simulation of many fields in the last decades and believed to permit accurate simulation of fluids flow at the microscopic scale for grossly irregular geometries [10] [11] [12] [13] .
LGA has been successfully applied to model fluid and current flow in saturated porous media to calculate the effective electrical conductivity of single-phase fluid-saturated porous media as a function of porosity and conductivity ratio between the pore-filling fluid and the solid matrix for various microscopic structures of the pore space. In this paper, the LGA method was applied to simulate the current flow in digital rock saturated with fluids for understanding the mechanism of how the micro factors affecting the whole resistivity of rock at pore scale.
Lattice Gas Automation for Simulation of Current Flow

Lattice Gas Automation
The LGA method was developed in 1976 named HPP [14] by improving the conventional cellular automation method, which is absence of rotational symmetry for its rectangular lattice space. In 1986, the FHP model [10] with the hexagon lattice has overcome the drawbacks of HPP and retrieved the Navier-Stokes (NS) equation at macro scale. Latter, the improvement of FHP by introducing the rest particles makes the LGA method more reasonable for simulation of fluid flow. In the LGA, the fluid, space and time are all discrete. The fluid is taken as a collection of small particles with only unit mass and without volume. The particles are distributed in the node of discrete space, moving forward along the lattice and following local interactions rules. The Pauli principle is applied to control the distribution and evolution of the particles among the nodes. At each time step, particles first advance one lattice unit to a neighbouring site in the direction they were headed. Then they may undergo collisions that must conserve mass and momentum, so that the continuity and momentum conservation conditions for incompressible fluids are locally satisfied. For the LGA, the collision and streaming of particles can be described by the evolution of the distribution function of particle density as following
where, the f i (x,t) is the distribution function of particle density at lattice node x, time t, moving along the direction i with the velocity of e i . The Ω is the collision rules such as shown in Figure 1 to control the redistribution of particles.
Based on the collision rules in the LGA, the NS equation can be retrieved with the definition of density and momentum to be Density:
Momentum:
For an uncompressible flow, the NS equation can reduce to Darcy's law. By comparing Darcy's law with Ohm's law, we can find both the two formulas being of the same mathematical expression if the electric charges replace the fluid particles and the electric potential replace the pressure. The analog between the Darcy's and Ohm's law demonstrates that it is reasonable to simulate the electric current flow in porous media with the LGA method.
Simulation of Current with the LGA
To verify the reliable of LGA in simulation of current flow, the LGA method was used to obtain the conductivity of binary mixtures in the parallel and serial mode [15] . The parallel or serial modes of mixtures mean the alternating layers of conductors are parallel or perpendicular to the direction of flow respectively as that shown in Figure 2 . The theoretical value of the conductivity of binary mixtures in the parallel and serial modes can be calculated by the formulas as fellow:
where,  1 and  2 are defined as the volume fractions of two components,  1 and  2 are defined as the conductivity of phase 1 and 2 in mixtures,  p and  s are the whole effective conductivity of binary mixtures in the parallel and serial mode respectively. It is believed that Equations (4) and (5) give the lower and upper limits for the effective conductivity of binary mixtures. The simulated results of the LGA with models of binary mixtures in the parallel and serial mode have been plotted in Figure 3 . The upper line is the theoretical value of parallel models, and the lower is the theoretical value of serial models respectively. As a comparison, the corresponding theoretical value calculated with a ratio of two conductive phases  2 / 1 being 0.04 has been shown in Figure 3 together. It is clear that the conductivity calculated with the LGA is in good agreement with the theoretical value for binary mixtures in the parallel mode. However, the simulated results obtained by the LGA are little higher than theoretical values for models in the serial mode, especially when the volume fraction of high conductive phase being obviously larger than that of low conductive phase, which is caused by contribution of low conductive phase to the whole conductivity in the LGA being less than theoretical value of the serial mode. From Figure 3 , the validity of the LGA in simulation of electrical transport has been demonstrated by the good agreement of comparison between simulated results and theoretical value.
Digital Rock Model
In petrophysics, the research has been increasingly focused on how the factors of pore scale influencing the electrical transport properties of saturated rock. As mentioned above, due to the limitations of laboratory experiments as the approach of macro scale, it is not possible to quantify the factors of pore scale that influence the relation between resistivity and physical parameters of rock and filling fluids. Therefore, as a complement to physical experiments, the digital rock is proved to be an effective numerical method to investigate the physical transport properties at the micro scale [9, 16, 17] .
The digital rock involved in this research is constructed by the pile of matrix grain. The distribution of radius of matrix grain can be obtained from the 2D SEM images of rock sections, by the technique of digital image processing. Figure 4 shows the distribution of matrix grain obtained from a SEM image of rock. The horizontal axis is the value of radius, and the vertical axis is the percentage of matrix grain. In Figure 4 , it is clear that the most of radius of matrix grain is in a range from 7.35 μm to 735 μm, and only a very few of radius of matrix grain is less than 0.735 μm.
According the obtained information, the matrix grains will be deposit originally into a regular space through pilling up of particles to construct an unconsolidated digital rock. Consequently, the deposited matrix grain is consolidated by compacting under pressure. During the compaction, the grains may be moved from the original positions to the new sites for reaching the balance of contacted particles as shown in Figure 5 . Figure 5 shows an enlarged picture of a small portion of thus constructed digital rock. In Figure 5 , the radius of matrix grain used to construct digital rock is different with each other, and the distribution of radius is identical with that shown in Figure 4 .
Generally, the micro structure of pore in rock is dependent on the form of pilling up and shapes of matrix grain. More complex of the matrix grain used to construct digital rock will result in more complex of the micro structure in pore. Therefore, it is essential to use various grain geometries to construct the digital core sample for revealing the effects of the micro pore structure on the electrical transport properties of porous rock. In this research, the main shapes of matrix grain, employed to construct digital rock for investigating the effects of the micro structure, are randomly distributed point, triangle, diamond-shaped, apparent rectangular and grain cluster. The digital rock constructed in this way can permits the modeling of current flow in grossly irregular pore space geometries, with variation of the porosity as large as desired. Finally, the constructed digital rock should be saturated with water and oil in pore space to research the effects of saturation and distribution of fluids on the whole electrical properties of rock.
Simulated Results and Discusses
During the simulation of LGA for electrical transport properties, the method proposed by Rothman was used to apply the electrical voltages on the digital rock sample. The upper and lower boundaries of the sample are non-slip solid boundary in the LGA for implementing the insulation boundaries. The periodic boundary on the left and right boundaries of the sample is used to simulate the infinite boundaries in the horizontal direction.
In 1942, Archie [1] proposed a quantitative formula to relate the resistivity index(I), defined as ratio of resistivity of rock saturated with oil and water(R t ) to that of rock saturated with saline water(R 0 ), to the water saturation(S w ) as
where b is a real parameter, n is usually called the saturation exponent. Equation (6) indicates the relation between resistivity index and water saturation (I-S w ) will be linear in log-log scale as shown in Figure 6 with b ≈ 1 and n ≈ 2 in the most cases of pure sand stones. The transport of current in saturated digital rock has been simulated by the LGA to obtain the resistivity of sample with different saturation in pore space. The resistivity index can be calculated with the definition in Equation (6) . The calculated parameters of I-S w relation for the digital rocks with the same porosity are given in Table 1. It can be seen from Table 1 that the micro structures of pore will affect the I-Sw relation. The parameter n of diamond-shaped grain of matrix is large than that of triangle grain, and the smallest n is obtained from the digital rock with the rectangle grain of matrix. In the past decades, the nonlinear relation of I-Sw in log-log coordinates, called non-Archie phenomenon, has been increasingly observed from the experiments [3, 8, [18] [19] [20] . Many researches have been done to explain the mechanism of non-Archie phenomena through laboratory experiments of rock. However, due to the limitations of laboratory experiments as the approach of macro scale, the micro pore structure, the flow of fluid and electrical current in a rock cannot be directly observed and controlled [21, 22] . Thus, it is not possible to quantify the factors that influence the relation between resistivity index and physical parameters of rock such as water saturation.
During the simulation of LGA, it can be seen that the non-Archie relation of I-S w will become a generally phenomenon when water saturation being lower than a critical value. Without losing the generality, one group data has been plotted in Figure 7 to show clearly the nonArchie relation of I-Sw.
In Figure 7 , the horizontal axis is the value of water saturation, and the vertical axis is the value resistivity index. It can be seen that the critical value of water saturation is 0.55. The Archie relation of I-S w is broken obviously when water saturation being lower than the criti- cal value. The non-Archie behavior of I-S w relation will become prominent when S w being lower than 0.55. Clearly, the I-S w relationship in a log-log scale drops off towards the saturation axis as S w decreases. This means that the parameter n would decrease with the increasing of S w . This non-Archie behavior can be explained as due to the effects of matrix-pore fluids network conducting.
A New Formula for the Non-Archie I-S w
Both the simulated results of LGA and the measurements of laboratory experiments by many others, indicate that the relation of I I-S w is not a linear in log-log scale as described by Archie's equation. Generally, the I-S w relationships in a log-log scale drops off towards the saturation axis as S w decreases, which means that the Archie exponent n is not a constant but a function of S w itself. A reasonable interpretation for this phenomenon is that the saturation exponent n is the measure of the changing rate of the current path complexity with respect to saturation and porosity. Hence, a new non-Archie relation of I-S w based on our simulations and observations has been developed to relate I to S w as 
where Y and U are the parameters related to the pore structure and porosity.
To verify the validity of the Equation (7) in practical application, the formula is applied to process the data published by Diederix which were obtained by wellcontrolled experiments on the artificial rock consisting of smoothed glass beads. The data of Diederix have been plotted in Figure 8 . Apparently, the non-Archie I-Sw relation can be observed obviously in Figure 8 from these data. The critical value of Sw for the non-Archie phenomenon of I-Sw relation is 0.45. The results calculated with Equation (7) have been shown in Figure 8 for comparison. Clearly, it can be seen that the calculated results of Equation (7) fits the laboratory measurements very well. The good agreement between the calculated results and the published data further confirm the validity of Equation (7) in application of processing measured data.
In Figure 8 , the diamond-shaped data points are from Diederix on the artificial samples consisting of smoothed glass beads.
The data obtained from the experiments on real rock have been used to further verify the applicability of Equation (7). The measured results and the calculated results with Equation (7) and Archie's Equation are shown in Figure 9 for comparison. In Figure 9 , the solid circles are the data obtained from experiments. And the straight line is the result by fitting the data with the Archie's equation. The smooth curve in red is the results by fitting the data with the new formula.
Clearly, the non-Archie phenomenon of the I-Sw relation can be observed obviously in Figure 9 from these data. The critical value of Sw for the non-Archie phenomenon of the I-Sw relation is 0.5. By comparison, the calculated result using Equation (7) is better agreement with the laboratory measurement than that using Archie's equation. It can be understood that considerable errors could be introduced by processing such data of nonArchie behavior with Archie's equation in reservoir evaluation. The new formula may result in a more accurate evaluation of fluid saturation, especially in the cases of obvious non-Archie phenomenon observed.
Conclusions
The digital rock involved in this research can be constructed by the pile of matrix grain with radius obtained from the 2D SEM images of rock sections. The LGA method was used to simulate the flow of current in saturated digital rock for revealing the effects of micro structure and water saturation on the electrical transport properties. Based on the simulated results, it is clearly that the saturation exponent n is not constant as described by Archie but is a function of pore structure and fluid saturation. The reasonable interpretation for this phenomenon is that the saturation exponent n is the measure of the changing rate of the current path complexity with respect to saturation and porosity. Moreover, it is understood that the mechanism of non-Archie phenomenon of I-Sw relation is due to the inherent nature of the complex current paths of the mixture of matrix and filling fluids in pore space. Therefore, a new equation for reservoir evaluation of saturation has been developed based on the results. The new equation can be applied to calculate the water saturation in reservoir with higher accuracy, especially in the cases of obvious non-Archie phenomenon observed. The calculated results using Equation (7) have been compared with laboratory measurements on real rock core from an oilfield and with data from published papers and have shown very good agreement.
